The fermentation of phenylalanine ammonia lyase (PAL) 
Introduction
Phenylalanine ammonia lyase (e.c.4.3.1.5-PAl) is widely distributed in higher plants, some fungi, yeasts and Streptomyces (8, 10, 22, 27) . It is used chiefly in the manufacture of l-phenylalanine (l-Phe) by reversing the enzyme reaction with a high concentration of trans-cinnamic acids and ammonia at an elevated ph. l-Phe is an important amino acid and widely used in food and pharmaceutical industries. l-Phe production has been stimulated by the great demand on the diet sweetener aspartame, a peptide made up of l-Phe and l-aspartic acid (9, 15) . therefore, the enzyme is of particular interest to researchers in the biotechnological industry. At present, the industrial-scale production of PAl mainly utilizes the genus Rhodotorula. however, the production of l-Phe from trans-cinnamic acids has had limited success, partly because of the relatively low specific activity and instability of PAl during the bioconversion. With the aim to improve PAl activity, some researchers have reported that organic solution and surfactant promoted PAl activity of Rhodotorula glutinis (1, 5, 7, 25) . in addition, several reports showed that PAl activity of Rhodotorula glutinis could also be induced by l-Phe, l-isoleucine (l-iso), l-leucine (l-leu), l-valine (l-Val), l-methionine (l-Met), l-tryptophan (l-try), and l-tyrosine (l-tyr) (4, 19) . however, currently available reports on nutritional requirements and environment conditions for PAl production of Rhodotorula mucilaginosa (R. mucilaginosa) are still very limited in that optimal batch and fed-batch culture conditions. in the present study, the culture conditions for cell growth of R. mucilaginosa and PAl production were evaluated in shake flasks and a 5 L stirred tank reactor in batch and fed-batch modes.
Materials and Methods
Microorganism and culture media the strain of R. mucilaginosa (cicc 32917) was purchased from the china center of industrial culture collection (cicc, Beijing, china). the stock culture was maintained on PDA slants at 4 °c. the seed culture medium was composed of (g/l): glucose 5, peptone 10, yeast extract 10, nacl 5, Kh 2 Po 4 1, ph 5.5. non-optimized fermentation medium consisted of the following components (g/l): glucose 10, peptone 10, yeast extract 10, nacl 5, Kh 2 Po 4 0.5, (nh 4 ) 2 So 4 1, ph 5.5. effects of carbon sources and nitrogen sources on R. mucilaginosa culture are reported in the 'Results and Discussion' section by substituting various carbon sources and nitrogen sources.
Fermentation equipment and conditions
Slants were incubated at 30 °c for 3 days for activation and then inoculated into the seed culture medium. the inoculum was cultured for 20 h at 30 °c on a rotary shaker (150 r/min), 2 ml of inoculum culture was added to 48 ml fermentation medium in a 250 mL Erlenmeyer flask. The culture was incubated at 30 °c in a rotary set at 150 r/min for 72 h. Samples were taken
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Si Zhang 1 and Jian-Dong cui at the end of the fermentation to determine the biomass and PAl activity. For larger-scale experiments, batch and fed-batch was performed in a classical 5 l stirred tank reactor with a working volume of 3 l (BioF-2000, Beauty corp., Shanghai, china). Antifoam 289 (Sigma A-5551) was automatically added to control the foaming in the stirred tank reactor. onehundred and fifty milliliters of inoculum culture were added to 3 l of fermentation medium.
Selection of the inducers on PAL production in shake flasks
The influence of different amino acids on the PAL synthesis was tested by respective supplement of the following compounds: L-Phe, L-Tyr, L-Met, and L-Iso. All additives were filter sterilized in advance. the control experiment was conducted in the fermentation medium without amino acids. the time points of amino acids addition are reported in the 'Results and Discussion' section.
Effect of glucose concentration on PAL production in a 5 L stirred tank reactor
The influence of different glucose concentration on the PAL synthesis was tested. the glucose concentration initially added into the fermentation medium was 1 g/l, 5 g/l and 10 g/l. the batch culture conditions were as follows: initial culture volume, 3 L; temperature, 30 °C; air flow rate, 1.0 vvm; stirrer speed, 200 r/min; initial ph 6.0. Samples were withdrawn from the fermentation broth at 3 h intervals and analyzed to determine the PAl activity, cell mass, and concentration of residual glucose.
Comparison of PAL production between controlled-pH (pH C ) operation and uncontrolled-pH (pH UC ) operation the cultivation was performed in a 5 l stirred tank reactor, initially with 3 l of optimized medium composed of (g/l): glucose 1, peptone 35, nacl 5, Kh 2 Po 4 0.25, (nh 4 ) 2 hPo 4 1.5, ph 6.0. Dissolved o 2 (Do) was automatically maintained at 30 % by controlling the stirrer speed and aeration rate. the fermentation process was divided into two stages. the initial stage was unlimited batch growth which lasted approximately (0-10) h and allowed consumption of the initial glucose (Uncontrolled-ph operation). once the glucose was exhausted, the fed-batch phase of the fermentation was initiated (controlled-ph operation). the ph was controlled at 6.0 or 7.0 by addition of aqueous ammonium at a volume fraction of 12.5 % v/v, or 5 mol/l h 3 Po 4 solution, respectively.
Analytical methods
PAL activity of whole cells was determined by a modification of the procedure described by orndorff et al. (20) . twenty milligrams of R. mucilaginosa cells were recovered from the culture (10 ml) by centrifugation. the collected cells were washed twice by suspending in 25 mmol/l tris-hcl buffer solution (ph 8.8) and were recovered by centrifugation. the reaction mixture (5 ml) containing 25 mmol/l tris-hcl buffer (ph 8.8), 25 mmol/l l-Phenylalanine, and 20 mg of R. mucilaginosa cells was incubated at 30 °c for 20 min. the reaction was terminated by addition of 1 mol/l of hcl (0.2 ml). After centrifugation, the absorbance of the clear supernatant was measured at 280 nm with a 752 spectrophotometer (Shanghai precision and scientific instrument Co., China). One unit of PAL activity was defined as the amount of enzyme required to convert one μmol of L-phenylalanine to transcinnamic acids per 1 min under the above conditions. PAl activity (specific activity) was expressed as units of enzyme per gram (dry cell weight) of cells. cell amounts were reported on a dry weight basis. Dry cell weight (DcW) was measured after the cells were washed twice with distilled water and dried to a constant weight at 80 °c (26) . the concentration of reducing sugar was determined by the nitrosalicylic acid (DnS) method with glucose as the standard (18).
Statistical analysis
All experiments were carried out in triplicate and all the data were expressed as means ± SD (standard deviation). the statistical significance was evaluated using Student's t-test and P < 0.05 was taken as significant.
Results and Discussion
Preliminary fermentation of PAL and simple optimization of medium components A batch cultivation was preliminarily performed in the 5 l stirred tank reactor on an initial medium composed of: glucose 10, peptone 10, yeast extract 10, nacl 5, Kh 2 Po 4 0.5, (nh 4 ) 2 So 4 1. The maximal specific activity (5 U/g DCW) of the enzyme was attained around 50 h. to optimize the medium composition, six kinds of carbon sources, including sucrose, glucose, fructose, glycerol, citric acid, and lactose, at 10 g/l; and nine kinds of nitrogen sources, including (nh 4 ) 2 So 4 , nh 4 cl, (nh 4 ) 2 hPo 3 , (nh 4 ) 3 Po 3 , nh 4 no 3 , Kno 3 , (nh 4 ) 2 co 3 , peptone, and yeast extract, were individually added to the medium and examined for their effects on cell growth and PAL production in the case of flask cultivation. As a result, citric acid appeared to be the best single carbon source, on which a high yield of the enzyme per biomass was obtained. though glucose was not so good for PAl production in the case of flask cultivation due to a lower specific activity, it could promote the cell growth, giving a much higher DcW (dry cell weight, 3.4 g/l), as compared with that of 0.75 g/l on citric acid (Table 1) . Furthermore, the previous reports also showed that higher concentration of glucose represses PAl synthesis by Rhodosporidium toruloides, but lower concentration of glucose is beneficial for improving PAL production (12, 13) . therefore, introduction of an appropriate amount of glucose into the medium was considered beneficial for improving the cell growth and PAl production. Among the various nitrogen sources used, peptone is the most suitable nitrogen source for PAl production by R. mucilaginosa. Furthermore, it was also observed that inorganic nitrogen sources gave rise to relatively lower PAl production, a similar phenomenon was also shown during the cultivation of other Rhodotorula species (13). Simple optimization of culture conditions by statistical experimental design strategy the methodology of Plackett-Burman Design (PBD) is a powerful and useful tool in rapidly searching key factors from a multivariable system. this method does not determine the exact quantity, but it can provide some important information about each factor by a relatively few experiments. thus, a PBD is used for multifactor screening to find the most significant independent factors (3, 16) . For screening purpose, various culture conditions were evaluated. the independent variables of the culture conditions were initial ph, inoculum size, glucose, peptone, Kh 2 Po 4 and (nh 4 ) 2 hPo 4 . the six factors were investigated using the PBD with a first-order polynomial equation. each factor was examined in two levels: -1 for low level and +1 for high level. Table 2 shows the factors under investigation as well as the levels of each factor used in the experimental design. twelve runs were carried out to analyze the effect of 6 variables on PAl production and the results are demonstrated in Table 3 . Analyzed by Design-Expert, a firstorder model was fitted to the results obtained from the twelve experiments. Table 3 shows statistical analysis of the model and significant levels. where Y is the response (PAl activity), X 1 , X 2 , X 3 , X 4 , X 5 and X 6 are the independent variables. the analysis of variance (Table 4 ) indicated that the model terms of X 2 and X 4 were significant ("probe > F" less than 0.05). however, the effects of X 1 , X 3 , X 5 and X 6 were not significant. This means that the inoculum size and peptone have important effects on PAl production. In the results, the correlation coefficient of R 2 was found to be 94.39 %, which means that the model could explain 94.39 % of the total variations in the system. thus, inoculum size and peptone were selected for further optimization to obtain a maximum response. the method of steepest ascent is a procedure for moving along the direction of the maximum increase in the response (11) . Based on the results obtained from the PBD, the path of steepest ascent was determined in order to find the proper direction of changing variables, by increasing or decreasing the value of the main factors. PBD results indicated that effect of inoculum size on PAl production was negative, whereas that of peptone was positive. thus, increasing the peptone concentration and decreasing the inoculum size should result in higher PAl production. the center point of the PBD was considered as the origin of the path. the results are shown in Table 5 . the maximum PAl production was obtained when the significant factors were: inoculum size of 4 %, and peptone concentration of 35 g/l. it was suggested that this point was near the optimal point.
Selection of the inducers
Induction is an efficient strategy to improve the production of many enzymes. catalytic substrates of an enzyme often act as efficient inducers of the enzyme biosynthesis. The influence of amino acids on fungal PAl regulation has been studied in only a few species. in the red yeast (17) Rhodosporidium toruloides, l-Phe and l-try acted as PAl inducers, while in Neurospora crassa (24) l-Phe and in Rhizoctonia solani (14) l-Phe, l-tyr and l-try all served as PAl inducers. however, the effect of amino acids on PAl of R. mucilaginosa was not tested. in this report, we selected various amino acids to investigate their effects on the PAL production at a final concentration of 0.5 g/L. each amino acid was added to fermentation medium after 10 h fermentation cultivation. the results obtained are shown in Fig. 1 . L-Phe or L-Met could induce significantly the PAL activity. In contrast, L-Iso almost failed to induce significantly the PAl activity. Furthermore, the effects of different ratios of l-Phe and l-Met on PAl induction were also investigated to confirm the optimal concentrations in their mixture. The results showed that higher PAl activity was obtained when the ratio of l-Phe and l-Met was 3:7 (V/V). however, the highest PAl activity was obtained by induction by l-Phe as a singleinducer. the PAl activity was increased by 18.5 % compared to the control (without adding any inducer). Effect of glucose concentration on PAL production in a 5 L stirred tank reactor effect of different glucose concentrations on PAl production and the growth of R. mucilaginosa were studied in a 5 l stirred tank reactor. As shown in Fig. 2 , the cell concentration increased significantly when the glucose concentration was 5 g/L and 10 g/l, respectively ( Fig. 2A) . it was indicated that the higher glucose concentration was beneficial to promote cell growth.
in contrast, PAl activity was decreased obviously when the glucose concentration was 5 g/l and 10 g/l, respectively (Fig. 2B) . When the glucose concentration was 1 g/l, PAl activity was enhanced 1.82-and 6-fold in comparison with that at 5 g/l and 10 g/l, respectively. in particular, the highest PAl activity was obtained after 29 h fermentation when the glucose concentration was 1 g/l. in contrast, the highest PAl activity was attained after 41 h and 50 h fermentation when the glucose concentration was 5 g/l and 10 g/l, respectively (Fig. 2B) . it was indicated that the fermentation period was obviously decreased when the glucose concentration was 1 g/l. Effect of pH on PAL production in a 5 L stirred tank reactor It has been reported that pH had a significant effect on cell growth and production of metabolites (2, 21, 23) . Furthermore, our previous reports showed that applied ph strategy was effective to enhance PAl production in recombinant E. coli (6) . however, the effect of ph on PAl production of R. mucilaginosa was not reported. In this work, the influence of controlled-ph operation on PAl activity and cell growth of R. mucilaginosa in a 5 l jar fermenter experiments were developed. As shown in Fig. 3 , without control ph (ph Uc ), the cell concentration was a little bit higher than that at controlledph (ph c 6.0 and ph c 7.0). it was indicated that the applied ph strategy was not effective to enhance cell growth significantly (Fig. 3A) . on the contrary, the PAl activity was remarkably lower at ph Uc than that at ph c 6.0 and ph c 7.0 (Fig. 3B) . this clearly demonstrated that ph c operation significantly enhanced PAl production, and the highest PAl activity was obtained when ph was controlled at 7.0. PAl activity was increased 1.28-fold in comparison with those of ph Uc . Batch supplementation with the inducers on PAL production by fed-batch cultivation in 5 L stirred tank reactor The influence of batch supplementation with the inducers on the PAl synthesis during fed-batch cultivation was tested in a 5 l stirred tank reactor. Based on the results obtained in the above experiments, l-Phe is the best inducer for PAl in R. mucilaginosa. thus, l-Phe was added into the fermentation medium according to the following two methods. In the first method, l-Phe was only added into the fermentation medium 8 h after the beginning of the fermentation process. in the second method, after l-Phe was added into the fermentation medium at the 8 th h of the fermentation, l-Phe was added again at the 26 th h of the fermentation. namely, the time when the inducers were added was determined by dividing the PAl synthesis period into two phases: early synthesis phase and late synthesis phase. the culture conditions were as follows: glucose concentration of 1 g/l, initial culture volume, 3 l; temperature of 30 °C; air flow rate of 1.0 vvm; stirrer speed of 200 r/min. the ph was maintained at 7.0 by addition of aqueous ammonium (volume fraction of 12.5 %) or 5 mol/l h 3 Po 4 solution. the results are shown in Fig. 4 . When l-Phe was added into the fermentation medium, the PAl activity was the higher than that of the control (without adding l-Phe). Furthermore, the maximal PAl activity (41 U/g) was obtained when l-Phe was added according to the second method; PAl activity was improved over 1.6-fold as compared with that of the control (Fig. 4) . in addition, compared with the initial culture conditions (10 g/l glucose concentration, uncontrolledph operation and without adding the inducers), PAl activity was increased 8.0-fold. Furthermore, the fermentation period was markedly decreased by 21 h as compared with that at the initial culture conditions (50 h). thus, it was indicated that the strategy of batch supplementation with the enzyme inducer was effective to significantly enhance PAL. 
Conclusions
the results presented in this work showed the effect of culture conditions (including medium composition, ph, glucose concentration, the enzyme inducer) on PAl production of R. mucilaginosa. the strategy of batch supplementation with the enzyme reducer was the most effective: more than 60 % PAl production were obtained just after 28 h of cultivation. in addition, although the applied ph strategy was not effective to significantly enhance the cell growth, pH c 7.0 obviously enhanced PAl production. the higher concentration of glucose was not so favourable for PAl synthesis. however, the higher glucose concentration was beneficial for cell growth. Further investigation on the kinetic parameters of the fermentation process will be considered in a future study.
